Introduction
Thiosemicarbazones (TSCs) are well-known for their broad spectrum of biological activity. [1] [2] [3] [4] [5] p-Acetylaminobenzaldehyde thiosemicarbazone was used to treat tuberculosis after the Second World War, 6 while 2-formylpyridine thiosemicarbazone was the first discovered representative of this class of compounds with potent anticancer activity. 7 To date, the 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine) remains one of the most extensively studied TSC for cancer chemotherapy. 8 Although Triapine entered a number of clinical trials, 9 it was later abandoned due to severe side-effects and limited response to specific cancer types. [10] [11] [12] [13] [14] Two promising TSCs, namely, di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) and (E)-N′-(6,7-dihydroquinolin-8 (5H)-ylidene)-4-( pyridin-2-yl)piperazine-1-carbothiohydrazide (COTI-2) entered clinical trials last year, 15, 16 rekindling interest in this class of therapeutically-useful compounds. Many TSCs including Triapine and DpC exhibit excellent chelating properties with biologically-relevant transition metal ions, such as iron(II/III), copper(II) and zinc(II). 17 The coordination of these tridentate TSCs to metal ions might result in metal complexes with enhanced anticancer properties and altered modes of action. Because malignant cells require higher amounts of essential metal ions than normal cells as a consequence of their high metabolism and proliferation levels, coordination of metal ions could be a strategy to traffick TSCs into cancer cells. 18, 19 At the same time, copper(II) complexes are promising anticancer agents, 20 often exhibiting very high antiproliferative activity in vitro. In particular, copper(II) complexes with acyl diazine TSCs bearing a N4-azabicyclo[3.2.2]-nonane group showed cytotoxic activity against colon adenocarcinoma HT-29 cells and human acute lymphoblastic leukemia CCRF-CEM cells with IC 50 values ranging from nanomolar to low micromolar concentrations. 21 Despite the high cytotoxicity of TSCs and their copper(II) complexes in vitro, their low water solubility and high in vivo toxicity limit their application as anticancer agents. 22 New metal complexes of TSCs with enhanced aqueous solubility are highly desirable. 23 We recently showed that 2-hydroxybenzaldehyde (or salicylaldehyde) thiosemicarbazone (STSC) can be coupled to L-or D-proline (Pro) leading to highly water-soluble compounds. 24 Although these new TSC derivatives exerted only moderate cytotoxic effects in ovarian carcinoma CH1 cells, their coordination to copper(II) resulted in significant increase in cytotoxicity. To access water-soluble TSCs and their corresponding metal complexes, we recently extended the strategy to utilization of sulfonated salicylaldehyde sodium salt for condensation reactions with 4N-substituted thiosemicarbazides followed by complexation with copper(II). While the nickel(II) derivative with 5-sulfonate-salicylalehyde thiosemicarbazone has been reported many years ago, 25, 26 triaza-7-phosphaadamantane) were described as efficient catalyst precursors in the Suzuki-Miyaura cross-coupling reactions of phenylboronic acids with aryl halides in aqueous solution. 29 Herein we report on the synthesis of four water-soluble sodium 5-sulfonate-salicylalehyde TSCs with different substituents at the terminal nitrogen atom of the thiosemicarbazide moiety, namely, H, Me, Et, Ph, two of which to our knowledge have never been reported previously, as well as the synthesis of their corresponding copper(II) complexes (Chart 1). We discuss the structural features and electrochemical behaviour of the complexes, as well as their antiproliferative activity in human cancer cell lines (A2780, A2780cis, MCF-7 and MDA-MB-231) relative to their toxicity in healthy embryonic kidney cell line. We also shed light on their mechanism of action, specifically their capacity to induce ROS intracellularly as well as subsequent cellular responses.
Experimental section
All reagents were used as purchased from commercial suppliers. 5-Sulfonate-salicylaldehyde sodium salt was synthesised by using reported protocols. 30, 31 All utilised solvents were HPLC grade and used without further purification.
NaH 2 L H ·1.5H 2 O
A mixture of thiosemicarbazide (0.91 g, 10.0 mmol) and sodium 5-sulfonate-salicylaldehyde (2.24 g, 10 mmol) in MeOH (30 ml) was refluxed for 1 h. The reaction mixture changed during the reaction from yellow to colourless. After cooling to 4°C the white precipitate was separated by filtration, washed with cold MeOH and dried in vacuo. X-ray crystallography X-ray diffraction measurements for 1 and 2 were carried out with an Oxford-Diffraction XCALIBUR E CCD diffractometer equipped with graphite-monochromated MoKα radiation. Single crystals were positioned at 40 mm from the detector and 352, and 370 frames were measured each for 10, and 5 s over 1°scan width for 1, and 2, respectively. Intensity data for 1′ were collected with Oxford Diffraction SuperNova diffractometer using hi-flux micro-focus Nova CuKα radiation. The single crystal was positioned at 49 mm from the detector and 964 frames were measured each for 2 s over 1°scan width. The unit cell determination and data integration were carried out using the CrysAlis package of Oxford Diffraction. 32 X-ray data collection for 3 was performed on a Bruker D8 VENTURE CCD diffractometer. A single crystal was positioned at 79 mm from the detector, and 6347 frames were measured, each for 26 s over 2°scan width. The structures were solved by direct methods using Olex2 33 and refined by full-matrix leastsquares on F 2 with SHELXL-97 34 using an anisotropic model for non-hydrogen atoms. All H atoms were introduced in idealised positions (d CH = 0.96 Å) using the riding model with their isotropic displacement parameters fixed at 120% of their riding atom. The positional parameters of disordered DMSO ligand in 3 were refined using available tools (PART, DFIX, and SADI) of SHELXL97 and the combined anisotropic/isotropic refinement has been applied for non-hydrogen atoms. The molecular plots were drawn using the Olex2 program. The crystallographic data and refinement details are quoted in Table S1 , † while bond lengths and angles are summarised in Table S2 . † CCDC -1497276 (1), CCDC -1497277 (2), CCDC -1497278 (1′) and CCDC -1497279 (3) contain the supplementary crystallographic data for this contribution.
Spectrophotometric measurements
UV-vis spectrophotometric studies were carried out with a CARY 300 Agilent spectrophotometer in the 200-800 nm interval. The path length was 1 cm. Spectrophotometric titrations were performed on samples containing the proligands at 40 μM concentration by a NaOH solution in the presence of 0.1 M NaCl at 25.0 ± 0.1°C. Complex formation with copper(II) was studied by the methods of molar ratio and continuous variation at pH 5.75. For the constant pH value of the samples an acetate buffer solution was used. The pH value was measured/checked with a pH meter I-160 with accuracy of ±0.005. The concentration of the proligand or the metal ion was constant (48 μM), while that of the other component was varied in the case of the molar ratio method. Various metal-toligand ratios were used in the case of the Job's method 35 and the sum of the concentrations of the metal ion and the ligand was constant (120 μM).
The conditional stability constants (β′) of the investigated complexes were calculated using the general formula: 
Cyclic voltammetry
Cyclic voltammetric experiments with 0.5 mM solutions of 1-4 in 0.1 M nBu 4 NPF 6 ( puriss quality from Fluka; dried under reduced pressure at 70°C for 24 h before use) supporting electrolyte in DMSO (SeccoSolv max. 0.025% H 2 O, Merck) were performed under argon atmosphere using a three electrode arrangement with platinum wire as working and counter electrodes, and silver wire as pseudoreference electrode. Ferrocene served as the internal potential standard. A Heka PG310USB (Lambrecht, Germany) potentiostat with a PotMaster 2.73 software package served for the potential control in voltammetric studies. The analytical purity grade NaCl (Slavus Ltd, SK-Bratislava) and distilled and deionised water were used for preparation of aqueous solutions of the investigated copper(II) complexes. As a supporting electrolyte 0.1 M NaCl in unbuffered aqueous solutions was used. Cyclic voltammetric experiments were performed under argon atmosphere using a three electrode arrangement with a platinum wire as the working electrode and counter electrodes. A miniature Ag/AgCl gel reference electrode from Pine Research Instrumentation (USA) was used for aqueous solutions. Singapore). All cell lines were grown at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . All drug stock solutions were prepared in DMSO and the final concentration of DMSO in medium did not exceed 1% (v/v) at which cell viability was not inhibited. The amount of actual Cu concentration in the stock solutions was determined by ICP-OES.
Cell lines and culture conditions

Inhibition of cell viability assay
The cytotoxicity of the compounds was determined by colorimetric microculture assay (MTT assay). The cells were harvested from culture flasks by trypsinisation and seeded into Cellstar 96-well microculture plates (Greiner Bio-One) at the seeding density of 6000 cells per well. After the cells were allowed to resume exponential growth for 24 h, they were exposed to drugs at different concentrations in media for 72 h. The drugs were diluted in complete medium at the desired concentration and 100 μl of the drug solution was added to each well and serially diluted to other wells. After exposure for 72 h, drug solutions were replaced with 100 μL of MTT in media (5 mg ml −1 ) and incubated for additional 45 min.
Subsequently, the medium was aspirated and the purple formazan crystals formed in viable cells were dissolved in 100 μl of DMSO per well. Optical densities were measured at 570 nm with a microplate reader. The quantity of viable cells was expressed in terms of treated/control (T/C) values by comparison to untreated control cells, and 50% inhibitory concentrations (IC 50 ) were calculated from concentration-effect curves by interpolation. Evaluation was based on means from at least three independent experiments, each comprising six replicates per concentration level.
Measurement of cellular reactive oxygen species by flow cytometry
MDA-MB-231 cells were harvested from culture flasks by trypsinisation and 1 mL of cell solution was transferred to 1.5 ml microtubes (2 × 10 5 cells per ml). The cells were centrifuged (5 min, 2.5 × 10 3 rpm) and washed with 1 mL of Hank's Balanced Salt Solution (HBSS) and centrifuged again (5 min, 2.5 × 10 3 rpm). Supernatant was replaced with 20 µM of 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) in HBSS and the cells were incubated for 10 min at 37°C in the darkness on an Eppendorf Thermomixer for probe activation. The cells were then centrifuged (5 min, 2.5 × 10 3 rpm) and the supernatant was replaced with the drug solutions in colourless Dubelco's Modified Eagle Medium (DMEM) without FBS at desired concentrations. The cells were then incubated with drug solutions for 5 h (37°C) in the darkness on an Eppendorf Thermomixer. tert-Butylhydroperoxide (TBHP; 50 µM) was used as a positive control and trolox was used as ROS scavenger. Trolox samples were pretreated with trolox (100 µM) for 30 min before they were cotreated with indicated drug at desired concentrations and trolox (100 µM) for 5 h, similarly as described above. After 5 h, the cell solutions were immediately strained with a 60 µM cell strainer prior to analysis with BD LSRFortessa Cell Analyser. 0.46 g L −1 propidium iodide (PI) was added to the strained samples to identify the dead cells. The data was processed and exported using BD FACSDiva 6.2.
Quantitative analysis was performed using Summit software. The quantity of ROS species was expressed in terms of treated/ control (T/C) values by comparison to control cells treated with H 2 DCF-DA probe only. Evaluation was based on means from at least three independent experiments.
Western blot analysis
MDA-MB-231 cells were seeded into Cellstar 6-well plates (Greiner Bio-One) at a density of 500 000 cells per well. After the cells were allowed to resume exponential growth for 24 h, they were exposed to 1-4 and NaH 2 L Et at different concentrations for 24 h. The cells were washed twice with 1 ml of PBS and lysed with lysis buffer [100 μL, 1% IGEPAL CA-630, 150 mM NaCl, 50 mM Tris-HCl ( pH 8.0), protease inhibitor] for 5-10 min at 4°C. The cell lysates were scraped from the wells and transferred to separate 1.5 mL microtubes. The supernatant was then collected after centrifugation (13 000 rpm, 4°C for 15 min) and total protein content of each sample was quantified via Bradford's assay. Equal quantities of protein (50 µg) were reconstituted in loading buffer [5% DDT, 5× Laemmli Buffer] and heated at 105°C for 10 min. Subsequently, the protein mixtures were resolved on a 10% SDS-PAGE gel by electrophoresis (90 V for 30 min followed by 120 V for 60 min) and transferred onto a nitrocellulose membrane (200 mA for 2 h). The protein bands were visualised with Ponceau S stain solution and the nitrocellulose membranes were cut into strips based on the protein ladder. The membranes were washed with a wash buffer (0.1% Tween-20 in 1× DPBS) three times for 5 min. Subsequently, they were blocked in 5% (w/v) non-fat milk in wash buffer (actin antibody) or 5% BSA (w/v) in wash buffer ( p21 and nrf2 antibodies) for 1 h and subsequently incubated with the appropriate primary antibodies in 2% (w/v) non-fat milk in wash buffer (actin antibody) or 5% BSA (w/v) in wash buffer ( p21 and nrf2 antibodies) at 4°C overnight. The membranes were washed with a wash buffer 3 times for 7 min. After incubation with horseradish peroxidase-conjugated secondary antibodies (room temperature, 1.5 h), the membranes were washed with a wash buffer 4 times for 5 min. Immune complexes were detected with Luminata HRP substrates (Merck Millipore) and analysed using enhanced chemiluminescence imaging (PXi,Syngene). Actin was used as a loading control. The following antibodies were used: p21 (F-5) and nrf2 (sc13032) from Santa Cruz Biotechnologies, β-Actin (ab75186) from Abcam, ECL Antirabbit IgG (NA934 V) and ECL Antimouse IgG (NA931) from GE Healthcare Life Sciences. All antibodies were used at 1 : 500 dilutions except for actin (1 : 10 000), anti-mouse and anti-rabbit (1 : 5000). ) were studied by UV-vis spectrophotometric titrations in aqueous solution.
Results and discussion
Proton dissociation of NaH 2 L H was accompanied by characteristic spectral changes upon variation of the pH of the solution (Fig. 1, bottom left) . At acidic pH the aqueous solutions were colourless and revealed absorption maxima at 302 and 328 nm, typical for aldimine and phenolic chromophore, respectively. At basic pH values the colour of the solution changed to light-green and development of a strong absorption band with a maximum at 367 nm was observed. NaH 2 L H contained two dissociable protons. The sulfonate group remained deprotonated across the whole pH range studied due to its strong acidic character, which accounted for the excellent water solubility of the proligand. The first dissociation step of NaH 2 L H was attributed to deprotonation of the phenolic group represented by pK 1 , while pK 2 was ascribed to the loss of hydrazinic N 2 -H-proton of thiosemicarbazide moiety with the negative charge localised on S-atom via thione-thiol tautomeric equilibrium (Fig. 1, top) . For STSC in a 30% (w/w) DMSO/water solvent mixture pK 1 = 8.84 and pK 2 = 12.57 were reported. 37 The high pK 2 value resulted from the deprotonation having taken place in a strongly basic medium, where the accurate determination of pK a would be difficult in pure aqueous solution because of the error of the glass electrode. Consequently only one pK a value (= pK 1 ) could be determined for the studied proligands based on the spectral changes via the deconvolution of the measured spectra (see Fig. 1 , bottom right for the fitting of the measured and calculated absorbance values in the case of NaH 2 L H and NaH 2 L Me ).
The development of new strong bands with higher λ max values (367-370 nm) was observed for all proligands due to the deprotonation of the phenolic group, which resulted in more extended conjugated π electron systems. The determined pK 1 values were quoted in Table 1 . The substituents at the terminal nitrogen had no measureable influence on pK 1 . These values (7.73-7.82) were considerably lower compared to that of the reference proligand STSC (8.84 ), what could be explained by two factors: (i) the large electron withdrawing effect of the sulfonate substituent; (ii) the pK a of an anionic base (such as phenolic OH) was increased in the presence of DMSO according to the Born electrostatic solvent model. 38 Upon addition of copper(II) to NaH 2 L H the colour of the solution changed from colourless to light-green across a wide pH range. This colour change was due to the development of a charge-transfer absorption band with a maximum at ∼375 nm indicating complex formation between copper(II) and NaH 2 L H . Fig. 2 shows the electronic absorption spectra of the proligand in the absence and in the presence of copper(II) ions. Based on the variation of the absorbance at 375 nm as a function of pH (Fig. S2 †) , the optimal window for complex formation between copper(II) and NaH 2 L H was determined to be between pH 5.0 and 6.3. Assuming similar complexation pro- It is worth noting that the copper(II) complex formed at pH between 5.0 and 6.3 was stable over time showing a constant absorption value for >10 h. By exploring the method of continuous variation (Fig. 3) and that of molar ratios (Fig. S3 and S4 †) we concluded that under these conditions, a 1 : 1 copper(II)-to-ligand complex is formed in the case of NaH 2 L H . The other three derivatives (NaH 2 L Me , NaH 2 L Et and NaH 2 L Ph ) were also investigated using the same approach to elucidate the effect of the substituents at the terminal nitrogen of the thiosemicarbazide moiety on copper(II) complex formation. Based on the absorbance values recorded by the method of molar ratios (using a constant metal ion concentration when the proligand concentration was varied and vice versa) it could be concluded that the formation of the complexes is practically quantitative under the applied conditions, which hindered the direct determination of the apparent (conditional) formation constants (β′) of the copper(II) complexes [CuL R ] − . Therefore the conditional formation constants for these complexes were determined spectrophotometrically by competition reactions with EDTA at pH = 5.75 (Fig. S6 †) using the program PSEQUAD. 36 Notably both the TSC ligand and EDTA form predominantly monoligand complexes [CuL] under the applied conditions. In addition, both EDTA and its copper(II) complex have negligible contribution to the measured absorbance values at the chosen wavelength (375 nm). These calculations also provided the average values of the molar absorptivities (ε) of the TSC complexes formed. The obtained values were summarised in Table 1 . The presence of H, alkyl and/or phenyl substituents at the terminal nitrogen atom of TSCs resulted in some differences in the molar absorptivities of the complexes.
In particular for NaH 2 L Ph , the conjugation of the phenyl ring increased the absorption significantly. The conditional stability constants were similar to each other reflecting close binding abilities of the studied TSCs to copper(II) except the case of the phenyl derivative, which possesses more than half order of magnitude higher constant. Using the pK 1 values (which are equal to the log K HL protonation constants) the overall stability constants (β) of the complexes [CuL R ] − were also calculated from the conditional stability constants ( Table 1 ). The obtained conditional/overall stability constants reflected formation of highly stable copper(II) complexes with all four ligands, and the extent of decomposition of these complexes at physiological pH was estimated to be less than 1% even at concentration ≤1 μM. UV-vis spectra for the copper(II)-NaH 2 L H system were recorded in a wide concentration range (6 to 100 μM) (Fig. S5 †) and the linear dependency was indicative of the high solution stability of the complex at the given pH value. It is worth mentioning that the [CuL] complex of the reference compound STSC possesses a much higher overall stability constant (log β = 19.02) due to its higher pK 2 value which could be determined in the presence of 30% DMSO; however its conditional stability constant is significantly lower (log β′ = 9.04) at pH 5.75. 37 The studied TSCs with the sulfonate group show the formation of higher stability complexes compared to STSC.
Solid-state structural analyses
Copper(II) complexes 1, 2, 1′ and 3 were studied by single crystal X-ray diffraction and their solid-state structures are depicted in Fig. 4 2 ], respectively. In both compounds the coordination of the copper(II) was provided by the ONS-donor set of the Schiff base ligand and two molecules of DMSO bound via oxygen atom in equatorial (Cu-O5 1.970(4) Å for 1, 1.972(3) Å for 2) and apical (Cu-O6 2.560(4) Å for 1, 2.659(9) Å for 2) positions. The sulfonate group of the ligand in 1 and 2 does not participate in the coordination to copper(II). Thus the coordination geometry of the central atom can be described as slightly-distorted square-pyramidal (τ value 39 of 0.098 and 0.111 for 1 and 2, respectively). In contrast to 1 and 2, one of the sulfonate groups in 1′ (Fig. S1 †) plays a bridging function being coordinated via one of the oxygen atoms to copper(II) atom of the neighbouring molecule. As a result, 1′ has a dinuclear molecular structure. As in 1, 1′ and 2 the values of τ parameters of 0.127 for Cu1A and 0.077 for Cu1B in 3 indicate square-pyramidal coordination geometry for the central atoms.
Other details of the crystal structures are given in ESI (Fig. S7 -S11 †).
Electrochemistry in DMSO
The redox cycling between Cu(II) and Cu(I) states plays an important role in the biological action of copper, where a Fenton-like redox chemistry in Cu(I)/Cu(II)/H 2 O 2 /O 2 systems is responsible for production of a variety of reactive oxygen species (ROS) including HO • and O 2 •− . Therefore, we investi- gated the redox behaviour of 1-4 in DMSO, in which all four compounds exhibited good solubility. Very similar cyclic voltammograms were obtained for 1-3 with the hydrogen or aliphatic substituent at the terminal nitrogen atom of the thiosemicarbazide. The corresponding cyclic voltammograms in DMSO/nBu 4 NPF 6 at scan rate of 100 mV s −1 are shown in Fig. 5 (left). They showed clearly one reduction peak which was presumed to be metal centred and a strongly shifted reoxidation peak for Cu I species formed upon reduction.
Complexes 1-3 showed very similar irreversible reduction peaks at E redissolution process. Consequently, the reduction process in the region of the first cathodic peak was electrochemically irreversible and led to a deposition of the less soluble copper(I) complexes on the electrode surface. This was also the case for 4, but a marked shift of the first cathodic peak potential to −1.02 V vs. Fc + /Fc 0 was also observed, indicating that the substitution at the terminal nitrogen atom of the thiosemicarbazide with the aromatic phenyl group led to an increase of the corresponding cathodic potential. It should be noted that upon redox cycling the cyclic voltammetric response showed negligible changes in the shape of the corresponding cyclic voltammograms in the cathodic part confirming the chemical reversibility of the observed processes. After redissolution of the copper(I) complex by reoxidation upon the reverse scan the recovered copper(II) complex could be again reduced at the same cathodic potential. Such redox behaviour was characteristic for a variety of redox active copper(II) complexes and could be explained by a dual-pathway square reaction scheme 41, 42 with copper(II) and copper(I) species of different stability, where the electron transfer in Cu(II/I) systems was accompanied by strong changes in their coordination geometry. In addition to reduction we also observed a quasireversible redox process in the anodic part of CVs with the oxidation peak at +0.34 V vs. Fc + /Fc 0 as shown for 2 in Fig. 5 (right) . The same anodic peak was found for 1 and 3. The height of the corresponding anodic peak was similar to the cathodic one and also to the ferrocene signal with the same molar concentration confirming the one electron transfer process in the case of the first oxidation event.
Electrochemistry in water
Analogous redox behaviour with one broad reduction peak and a strongly shifted reoxidation peak was observed for 1-4 in 0.1 M NaCl unbuffered aqueous solutions at scan rate of 100 mV s −1 at platinum working electrode as shown in Fig. 6 (left). It should be noted that we used saturated solutions of the complexes for cyclic voltammetric studies. The lowest solubility in water was observed for 4, while the highest one for 1. The corresponding normalised (for clarity) UV-vis spectra of 1-4 in 0.1 M NaCl/H 2 O are shown in Fig. 6 (right) . The observed potential shifts in the anodic oxidation of 1-4 by replacing aprotic DMSO with proton-donating water environment were caused by expected different energy of solvation for DMSO and H 2 O and by involvement of protons in the redox process in water in contrast to the aprotic environment. 43, 44 Interestingly, the lowest reduction potential E 1 pc = Table 2 and concentration-effect curves are depicted in Fig. S12 . † The proligands were soluble in water within the whole concentration range tested but the coordination to copper(II) decreased their solubility in water and DMSO significantly and limited the concentration range that could be used for biological studies. The antiproliferative activities of copper(II)-TSC complexes and their corresponding proligands were previously investigated in various cell lines. Many metal-free thiosemicarbazones, including Triapine, exhibit very high cytotoxicity up to nanomolar concentrations, [45] [46] [47] [48] which was postulated to be related at least in part to their ribonucleotide reductase inhibitory potential, 18 but there are also examples of TSCs with moderate antiproliferative activity. 24, [42] [43] [44] Coordination of TSCs to copper(II) usually leads to an increase in antiproliferative activity of the resultant copper(II) complexes. 24, 47 A notable exception is copper(II)-Triapine complex which showed a significant decrease in anticancer activity when compared to that of Triapine alone. In this work, with the exception of NaH 2 L Ph , TSCs did not display any cytotoxicities against tested cancer cell lines. Upon their coordination to copper(II) however, a 10-30-fold increase of cytotoxicity has been observed. No clear-cut structureactivity relationships could be established since the copper(II) complexes were not structurally-analogous. Nevertheless, 1 and 2 with two coordinated DMSO ligands demonstrated higher cytotoxicities than 3 and 4, which contained aqua ligands instead of DMSO. Against A2780 ovarian carcinoma and cisplatin-resistant A2780cisR, the tested complexes exhibited similar efficacies with 1-2-fold increase of activities in A2780cisR compared to that in the parental A2780 cell line. The A2780cisR cell line was derived from A2780 by chronic exposure to cisplatin and marked by elevated levels of mismatch repair proteins and gluthatione. 49, 50 This suggested that the copper(II) complexes were exerting their cytotoxicities via a different pathway compared to cisplatin, an alkylating agent, which typically exhibits 10-20-fold difference between these cell lines.
Copper(II) complexes are toxic to the normal cells due to their redox activity and affinity for binding sites typically occupied by other metals (e.g., iron). Therefore, the complexes were tested against nontumorigenic embryonic kidney cell line HEK293 as a model of healthy cells. Cu-TSC complexes previously tested for their antiproliferative activity in the noncancerous murine embryonal fibroblast (NIH/3T3) cell line showed no particular selectivity towards cancer cells compared to healthy cells. 47 Based on the results of MTT assay, 1-4 demonstrated a slightly decreased cytotoxicity against noncancerous cells; however, the determination of the IC 50 values in HEK cells was hindered by moderate solubility of copper(II) compounds.
ROS induction and activation of antioxidant defense
Copper(II) complexes can initiate Fenton reactions intracellularly resulting in ROS accumulation, [51] [52] [53] [54] the presumed mechanism of biological activity for many copper(II) complexes in general. 48, 55, 56 48, 63, 64 The generation of ROS species also occurs as a consequence of metabolism, and, antioxidant systems have been developed by the cells to scavenge ROS as a defense mechanism. Evidence suggests that cancer cells underwent ROS stress to drive proliferation and other processes required for the development of tumour. 65 As a result, the basal level of oxidative stress in cancer cells is higher than that in normal cells and therefore, they become vulnerable to chemotherapeutic agents or redox active agents, such as copper(II) complexes, which can increase ROS production. Based on the results of electrochemical experiments, we expected redox active 1-4 to markedly increase the amount of ROS in cancer cells. The biologically accessible redox potential window in cells has a narrow range −0.4 V to +0.8 V vs. NHE and redox reactions with higher or lower potentials cannot occur in the cellular environment. As can be seen in Fig. 6 , the reduction potential of all complexes occur within the biologically accessible window implying that they can be reduced by GSH and favour generation of radicals. Additionally, the cyclic voltammograms showed reverse oxidation peaks; therefore, it was expected that in cancer cells Cu(I) would reoxidise to Cu(II) promoting Fenton reactions.
ROS accumulation was evaluated in triple-negative highly resistant breast cancer MDA-MB-231 cell line using cell-permeable 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) as a probe. This crosses the cell membrane by passive diffusion and is retained in the cell after enzymatic cleavage. Upon oxidation by ROS, the nonfluorescent H 2 DCF is converted to highly fluorescent 2′,7′-dichlorofluorescein (DCF) as an indication of intracellular ROS levels. In order to establish whether ROS induction could lead to cell death, we detected ROS species at an early time point 5 h after incubation with the compounds. The values were normalised to the fluorescence of the untreated cells and presented as fold change relative to the fluorescence of the cells treated with fluorescent probe alone. The values of the generated mean fluorescence were plotted onto a bar chart for easy visualisation (Fig. 7) . tert-Butylhydroperoxide (TBHP; 50 µM), an organic peroxide was used as a positive control in the ROS assay.
Copper(II) complexes 1-4 demonstrated a significant ROS induction in a dose-dependent manner already after 5 h of incubation (Fig. 7A) . The level of the generated ROS species was comparable to that of TBHP. All complexes induced similar amount of ROS under identical conditions, which correlated to their similar reduction potentials. In contrast, the corresponding TSCs did not show any induction of ROS species (Fig. 7D ). In fact, their level of fluorescence was even lower than the fluorescence of the probe, which indicated the important role of copper(II) in generation of ROS. Watersoluble vitamin E analogue trolox (100 µM) was known to protect cells against oxidative stress and used in this assay as a ROS scavenger. 66 The cells were preincubated with trolox for 30 min and exposed to 1-4 for additional 5 h. As seen from Fig. 7C , intracellular fluorescence levels significantly decreased in the presence of trolox, even after TBHP exposure, indicating effective ROS quenching. These results suggest that copper(II) complexes act by induction of critical levels of reactive oxygen species. Following ROS insult, cells can activate their antioxidant defense system as a survival mechanism, which will result in the expression of the nrf2 transcription factor. Nrf2 regulates a number of downstream genes responsible for cell growth and apoptosis, DNA repair and the inflammatory response. The role of these downstream genes is to counteract the deadly effects of excessive ROS which, when left unchecked, will lead to high levels of oxidative stress and consequently, apoptotic cell death. 67 Several copper(II) complexes reported in the literature were shown to induce nrf2 activation. Copper(II) diethyldithiocarbamate activated nrf2 in vascular endothelial cells in contrast to structurally analogous Fe and Zn complexes, while CuSO 4 and diethyldithocarbamate proligand on their own failed to induce nrf2 upregulation. 62, 68 Diacetyl-bis(N4-methylthiosemicarbazonato)copper(II) [Cu II ATSM] was reported to induce expression of antioxidant enzymes through activation of nrf2 and its co-activator protein DJ-1 in response to oxidative stress both in vitro and in vivo. 69 Recently, Newton et al.
developed a copper(II)-TSC complex NSC689534 with ROSinducing and GSH-depleting properties which was subjected to microarray analysis. 62 It was demonstrated that NSC689534 activated several ROS-connected pathways, including a number of genes involved in nrf2-mediated oxidative stress.
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Since 1-4 induced significant ROS production, we investigated the expression of nrf2 in MDA-MB-231 cells following exposure. Since the induction of ROS species started at early time points, the cells were exposed to the complexes and NaH 2 L Et proligand at the indicated concentrations for 24 h.
Subsequently, nrf2 expression was determined by western blot. As can be seen in Fig. 8 , all complexes induced marked expression of nrf2 in a concentration-dependent manner and the stronger upregulation corresponded to the IC 50 concentrations.
For further validation, we also examined p21 expression. P21 is a cyclin-dependent kinase (cdk) inhibitor that is known to be a major target of p53-mediated cell cycle arrest. 70 Upon DNA damage of cancer cells by cytotoxic compounds, p21 activates cell cycle arrest between G1 and S phase to allow cells complete DNA repair before proceeding to another phase of the cell cycle. It was reported that p21 enhanced cell survival by upregulation of nrf2-mediated antioxidant defense. 71, 72 As expected, the levels of p21 protein were upregulated in dosedependent manner in agreement with nrf2 upregulation. Additionally, we tested the effects of 3 in comparison with the corresponding proligand NaH 2 L Et at similar concentrations and found that alone, NaH 2 L Et did not induce any antioxidant response in MDA-MB-231 cancer cells. The results showed conclusively the key role of copper(II) for the cytotoxic activity of this class of complexes and implicated ROS induction as the underpinning mode of action.
Conclusions
Four water-soluble sulfonated thiosemicarbazones as sodium salts NaH 2 L H , NaH 2 L Me , NaH 2 L Et and NaH 2 L Ph and four new copper(II) complexes 1-4 have been synthesised and characterised by analytical and spectroscopic techniques. The crystal structures of complexes 1-3 were established by single crystal X-ray crystallography. The antiproliferative activity of all compounds was tested against various cancer cell lines with different resistance to chemotherapy. Whereas all thiosemicarbazones were noncytotoxic within all the concentrations tested, copper(II) complexes demonstrated marked antiproliferative activity. The mode of action of copper(II)-thiosemicarbazone complexes might be related to the induction of severe oxidative stress, as they were shown to significantly induce ROS in cancer cells at early time points and promote nrf2-mediated antioxidant defense. The results clearly demonstrated the role of copper(II) center in the mechanism of action of new complexes.
